Cancer remains a major cause of mortality worldwide. Progresses have been made in the understanding of the molecular basis of cancer, cancer detection, and cancer treatment. Important strides by treating early-stage cancers have resulted in improved outcomes. Despite these achievements, mortality of cancer patients is high and still there is no cure. Some oncologists remain optimistic that cytotoxic chemotherapy will significantly improve cancer survival. However, notwithstanding the use of new and expensive single and more recently, combination drugs, the improvement of the response rates remains very low. In the United States, cancer death rates decreased by a mere 1.4% to 1.8% from 2004 to 2013. Compared to other serious diseases, the improvement of the cancer patient has been disappointingly lagging, and by far, most patients with advanced cancer eventually die of their disease. The need for improved cancer therapies is self-evident. This communication gives an overview of the overwhelming resurgence of solasodine and its glycosides in cancer therapy.
Introduction

Cytotoxic Chemotherapy
Cytotoxic chemotherapy refers to agents whose mechanisms of action cause cell death or prevents cell growth and, to date remains one of the premier treatment options to combat cancer. However, the efficacy of chemotherapy is limited by the fact that not all tumors respond optimally. Single and combination modali-ties chemotherapy with existing drugs are rarely curative. Drug-resistant tumor cells often emerge when using such therapies. Most standard chemotherapies act on all rapidly dividing normal and cancer cells and were originally identified because they kill cells in general by a process known as indiscriminate cytotoxicity. Consequently, standard chemotherapies are indiscriminate and have low safety profiles.
Apoptosis
Apoptosis is a form of cell death in which a programmed sequence of events leads to the elimination of cells without releasing harmful substances into the surrounding area. Apoptosis eliminates old cells, unnecessary cells, and unhealthy cells. Roughly 50 billion cells undergo apoptosis each day in humans. For every normal cell, there is a time to live and a time to die. When apoptosis does not work correctly, cells that should be eliminated may persist and become immortal, for example in cancer. Cancer can start at any place in the body. It starts when cells grow out of control and crowd out normal cells. In cancer cells, the process of apoptosis is defunct but cell division is intact resulting in excessive numbers of cancer cells, which are prone to spreading to other parts of the body (metastasis). Many cancers develop resistance to chemotherapy drugs and are a major factor in the failure of many forms of chemotherapy. Substances either singly or by combination that can induce cell death in cancer cells, prevent metastasis and do not become resistant to cancer cells are being pursued to treat cancer. Unfortunately, to date, these substances have been elusive. This overview describes solasodine glycosides, used singly or in combination with other drugs, may be the discovery of a truly effective chemotherapy for cancer.
The Discovery and Consequences Thereof
In 1987 we were the first to report that the plant-derived glycoalkaloids solasodine glycosides (SGs), including solamargine (SM), solasonine (SS), mono-and diglycosides of solasodine, known as BEC [1] , induced anticancer effects in cell culture [2] , animals [3] and humans [4] .
More specifically, it was shown that these SGs and in particular SM, induced apoptosis in cancer cells but not normal cells [2] [5] . BEC consists of 33% of so-
)-β-D-glucopyranose and 34% mono-and diglycosides of solasodine. Figure 1 illustrates the structures of the BEC components. International Journal of Clinical Medicine
The sugar moiety of the triglycoside solamargine is:
One of its precursor molecules diglycoside is:
Another is:
Its precursor molecule monoglycoside is: Figure 2 shows the chemical structure of Solasodine.
In the early studies the microscopic morphological features of cancer cell death e.g. membrane blebbing, cell shrinkage, chromatin condensation, DNA fragmentation and apoptotic bodies determined that cell death was by apoptosis ( Figure 3) [2] [6] .
Newer techniques which are currently commercially available such as Tunel and DNA damage assays, Caspase detection assays, Mitochondrial permeability assays, Annexin V detection assays, Life/death stains and Cytotoxicity test kits have confirmed the earlier studies of 1990 [6] - [27] . Figure 4 illustrates an example of the analysis by Annexin V/PI assay and flow cytometry, indicating the cellular death events. This figure shows that SM increased apoptosis over tenfold more in malignant to normal cells [7] . . BEC causes the cytoplasm of the cancer cells to undergo dissolution, the nuclei contract and become dark staining (b), nuclei then enlarge (c), the chromatin (contents of nucleus) clumps (d) and finally the nuclei disintegrate (e). Only cellular debris is left after the interaction of the cancer cells with BEC (f). This cell death is characteristic of apoptosis, which is also known as programmed cancer cell death. The cells were fixed and examined microscopically (×1000) by the Papanicolaou method [2] . Figure 4 . Flow cytometry analysis show that solamargine increased apoptosis over tenfold more in malignant to normal cells. 10 μM solamargine treatment for 2 h selectively caused massive cellular death of primary melanoma cells, which was over tenfold more, than that detected in normal cells [7] . 
Pharmacodynamics Specificity
Rhamnose conjugated to the aglycone solasodine, plays a key role in recognizing and binding to specific endogenous endocytic lectins (EELs) rhamnose binding protein (RBP) receptors. Rhamnose is a plant sugar and is normally not present in the human body [2] . The RBP receptors have been identified and characterized [28] . The abundance of these receptors is much higher in cancer cells as opposed to normal noncancerous cells [2] With lectins, the recognition of rhamnose is highly specific and is comparable to the antigen-specificity of antibodies or the substrate-specificity of enzymes [6] [9].
The numbers of RBP receptors on the various cell types range from 500 - These observations were confirmed in whole animal studies shown in Figure   7 . Mice inoculated with the cancer S180 died in 2 -3 weeks. Four doses of BEC at 8 mg/kg resulted in 100% survival of S180 inoculated mice. Increasing concentrations of free rhamnose, administered intraperiotoneally into BEC-treated mice inoculated with S180 cells reduced the efficacy of BEC [6] [29] .
Fluorescence imaging analysis of a synthesized biotinylated-rhamnose probe has visualized the expression of RBP receptors on cancer cells. Using this technique it was shown that 100 micro Molar of free rhamnose completely blocked SM contains two molecules of rhamnose, whereas, SS contains one molecule of rhamnose. At equimolar concentrations, on average, SM is 9 times more potent than SS and 19 times more potent than the mono-and-di glycosides of solasodine [32] . When calculated, the contribution of anticancer activities in BEC is 86% for SM, 9% for SS and 5% for mono-and diglycosides of solasodine. Figure 9 and Figure 10 show the persuasive graphic and pictorial events of the treatment of a basal cell carcinoma [57] . The specificity of BEC towards cancer cells is self-evident and clinically confirms the cellular biochemical pharmacodynamics.
Efficacy
BEC and SM exhibit much higher cytotoxic effects on cancer cells when compared with a number of currently used antineoplastic agents such as vinblastine, Figure 9 . Curaderm BEC5 therapy caused an immediate change in BCC lesion size and after 30 days treatment, peaked at over a 4-fold increase in size. Continuous treatment after 30 days resulted in a decrease in lesion size and complete removal of the BCC was attained after 86 days of Curaderm BEC5 therapy [57] . International Journal of Clinical Medicine The absolute concentrations of these drugs to obtain similar efficacy as BEC and SM are in the order of 6 -40 times higher [6] [9].
The higher efficacy of SM compared to taxol, cisplatin and gemcitabine when treating lung cancer cells are illustrated in Figure 11 .
Moreover, the therapeutic index (TI) LD 50 /ED 50 is much higher for BEC and SM than for established drugs [6] [9]. The TI, also referred to as therapeutic ratio, is a comparison of the amount of a therapeutic agent that causes the therapeutic effect to the amount that causes toxicity. The LD 50 is defined as the dose of the antineoplastic agent to kill 50% of normal noncancerous cells, whereas, the ED 50 , also known as IC 50 , is defined as the dose of the antineoplastic agent to International Journal of Clinical Medicine 
Multidrug-Resistance (MDR)
MDR is the mechanism by which many cancers develop resistance to chemotherapy drugs, resulting in minimal cell death and the expansion of drug-resistant tumors. MDR is a major factor in the failure of many forms of chemotherapy with cancer treatment.
One important mechanism of MDR involves the multidrug transporter, 
Metastasis
Cancer metastasis may be defined as spreading of primary tumor cells and the outgrowth of secondary tumors at distant sites. Metastatic tumor cells possess several distinctive characteristics; they undergo epithelial-mesenchymal transition (EMT) and become invasive, become resistant to apoptosis and anoikis, and acquire the ability to disseminate and colonize secondary sites. SM inhibits the migration and invasion viability of HepG2 cells by blocking EMT [33] [34] [38] .
Matrix metalloproteinases (MMPs) are a large group of zinc-dependent proteinases responsible for cleaving and rebuilding extracellular matrix and basement membrane. MMP-2 and MMP-9 contribute to the establishment of metastasis-prone sites at tumor-distant organs [67] . SM suppresses the invasive capacity of HepG2 cells by downregulation of MMP-2 and MMP-9 expressions and activities [68] .
Anti-metastatic activity of solasodine has also been reported with ovarian cancer cells [26] , lung cancer cells [33] and human colorectal cancer cells [34] .
Solasodine selectively and effectively inhibits the growth of metastatic and primary melanoma cells with minimum effect on normal and benign melanoma cells [7] . SM induces apoptosis in melanoma cell lines [2] [6] [9] and inhibits and eliminates melanoma in vivo [48] [49].
Immunological Effects
The natural capacity of the immune system to detect and destroy abnormal cells may prevent the development of many cancers. However, cancer cells are sometimes able to avoid detection and destruction by the immune system.
Immunotherapy is a rapidly advancing field of cancer immunology. These therapies increase the strength of the immune responses against tumors by either stimulation of the activities of specific components of the immune system or counteract signals produced by cancer cells that suppress the immune responses.
BEC stimulates lasting immunity against cancer [69] . The mode of action of BEC to produce immunity is not known. It has been speculated that BEC may release antigenic peptides (epitopes) of cancer cells, which may be unexposed on the cancer cells before the interaction with BEC. Consequently, these epitopes may be present in appropriate forms to induce immunity [69] .
Stimulation of innate immunity using unmethylated CpG-containing oligodeoxynucleotides when combined with BEC treatment slow tumor growth and provides a survival benefit with malignant mesothelioma [70] .
BEC is effective in treating herpes simplex, herpes zoster and genital herpes in humans. BEC exhibits rapid activity against these viruses, and follow-up of the treated patients for one year showed no recurrences, whereas, in control groups, International Journal of Clinical Medicine 
Toxicology
Considerable information is available on the toxic effects of glycoalkaloids in the published literature. However, as BEC and SM relate to solasodine and its glycosides, the predominant glycoalkaloids in eggplant, information drawn from the literature show that at anticancer therapeutic concentrations these specific substances are safe. No data, specific to carcinogenicity are available. However, the widespread existence of BEC in the diet of humans and the low concentration of BEC to induce therapeutic efficacy provide some assurance that carcinogenicity is unlikely to be a significant concern. Furthermore, efficacy studies of BEC in animals and humans that were followed up for extended periods showed no evidence of car- 
Pharmacokinetic Parameters Are Conducive to Clinical Applications
The pharmacokinetics of SM in rats, dogs and humans has been reported. Figure 12 illustrates the time course response of the concentration of SM after infusion of a dose of 0.5 mg/kg of SM with an infusion rate of 20 mL/kg/h over a period of 30 minutes in Beagle dogs, the plasma T1/2 of SM is 2.3 -3.4 h [74] .
Phase 1 human clinical trials of Coramsine (1:1 mixture of SM and SS) in patients with advanced solid tumors have been reported [79] . The range of doses studied was from 0.75 to 3.0 mg/kg/day. Dose-limiting hepatotoxicity at doses above 1.0 mg/kg/day over 2 hours, or 1.5 mg/kg/day over 4 hours were observed.
The dose-limiting toxicities (DLT) were grade III/IV transaminitis, with grade I-III increases in bilirubin and grade I-II creatinine. Hepatotoxicity was maximal at days 3 -5, resolved over 10 -21 days and was clinically asymptomatic apart from grade I-II fatigue, and was not cumulative. No myelosuppression or other serious drug-related toxicity was recorded. Activity of 1:1 mixture of SM and SS against resistant solid tumors in patients was observed [79] .
The maximum tolerated dose (MTD) was exceeded at a dose of 2.25 mg/kg/day over 24 hours infusion. Figure 13 illustrates the disposition of SM at two doses, 1.5 mg/kg and 3.0 mg/kg Coramsine, corresponding to 0.75 mg/kg and 1.5 mg/kg SM, over an intravenous infusion period of 4 hours. The dose increase in Cmax and AUC parameters with increasing doses are evident. Plasma protein binding for SM ranges from 76.7% -96.3% [6] .
The primary aim of the phase 1 study was to determine the safety-toxicity profile and the maximum tolerated dose of the study medication in patients with advanced solid tumors. Efficacy response to treatment was not a primary endpoint of the study.
Nevertheless, radiological improvement of the tumors and reduction of tumor markers in some patients were observed [79] . It was concluded that 1:1 ratio of SM and SS can be given to cancer patients safely. The dose limiting toxicity was transient reversible elevation of hepatic transaminases. A dose schedule that should result below the MTD, of 1.5 mg/kg/day over 4 hours for 5 days, every 2 weeks was proposed for further clinical trials [79] . 
Conclusion
Prospective
The promise of these natural drugs to combat cancer for the reasons outlined in this communication is exciting. Even more appealing are the possibilities of modifying these solasodine glycoside components to yield higher specificities with superior efficacies.
RBP agonist may be constructed to specifically adapt to interact, bind, and be internalized into cancer cells to prevent cell growth or division or cause cell death. These RBP agonist-agent conjugates may be selected from groups of existing chemotherapeutic agents to induce much higher specificities and lower toxicities.
